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Engineering Stability into Antibody Engineering Stability into Antibody 
DomainsDomains

•• For Solubility/halfFor Solubility/half--lifelife

•• Antibody domain constructs, i.e. Antibody domain constructs, i.e. 
scFvsscFvs, , intrabodiesintrabodies, etc., often suffer , etc., often suffer 
from stability problemsfrom stability problems

•• Expression in nonExpression in non--mammalian hosts mammalian hosts 

•• For For EngineerabilityEngineerability/Function/Function

•• For Manufacturing and PurificationFor Manufacturing and Purification
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What could be 
worse than 

low expressing
and aggregated 

antibodies?
Being eaten 
by a walrus?
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Sequence Basis for Stability DesignsSequence Basis for Stability Designs

•• Many established methods Many established methods –– even even 
for antibodies.for antibodies.

•• Sequence information can provide Sequence information can provide 
rapid, unbiased basis for designs.rapid, unbiased basis for designs.

•• Recent explosion in the genome Recent explosion in the genome 
sequencing of all organisms.sequencing of all organisms.
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N
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CCHH3 Chosen as Initial Domain for 3 Chosen as Initial Domain for 
EngineeringEngineering

IgG1IgG1

CCHH33
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Potential Weaknesses within the CPotential Weaknesses within the CHH3 3 
DomainDomain
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Y376DY376D

180°



8 March 29, 2006

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

320 330 340 350 360 370 380

FUV_217 nm
NUV_280 nm
Fl_280ex

Temperature (K)

N
or

m
al

iz
ed

 S
ig

na
l

Thermal Unfolding Behavior of CThermal Unfolding Behavior of CHH33

Fr
ac

tio
n 

U
nf

ol
de

d
Fr

ac
tio

n 
U

nf
ol

de
d

0

0.2

0.4

0.6

0.8

1

68 72 76 80 84 88 92 96

CH3 G392K/S402G/T441L hypothetical
CH3 G392K/S402G/T441L experimental
CH3 T441L
CH3 Y376D
CH3 S371G
CH3 S402G
CH3 G392A
CH3 G392K
WT CH3

Temp. (degrees C)



9 March 29, 2006

S402GS402G

T441LT441L
G392K,AG392K,A

Structural Consequences of Optimized Structural Consequences of Optimized 
MutationsMutations
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Human Human 
IgG1/kappaIgG1/kappa

VVLL

VVHH

CCLL

FABFAB

CCHH33

CCHH11

Beyond Consensus to Stabilize Beyond Consensus to Stabilize 
Poorly BehavedPoorly Behaved Antibody Domains Antibody Domains 

• Human FAB

• Bacterial expression 
level ~0.3 mg/L

• Variable function      
from prep to prep

•• *Domain dependent *Domain dependent 
stabilizationstabilization

•• *Functional/Folding *Functional/Folding 
consequencesconsequences
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General Protein Engineering General Protein Engineering 
ObservationsObservations

• Adequate design of sequence databases provides 
reliable information regarding the tolerability of 
amino acids at various positions within antibody 
domains (protein domains).

• Stabilization can lead to increased expression.

• Stabilization can enhance product quality and 
functionality, especially in non-mammalian 
expression hosts.
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Human IgG1 Thermal Unfolding as a Human IgG1 Thermal Unfolding as a 
WHOLEWHOLE
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IgGIgG Sequence/Stability CorrelationsSequence/Stability Correlations

Can antibody VARIABLE DOMAIN sequences be Can antibody VARIABLE DOMAIN sequences be 
used to predict Antibody Stability/Expression?used to predict Antibody Stability/Expression?

We trust the mammalian antibody databases for We trust the mammalian antibody databases for 
stability engineering, but can we use the sequence stability engineering, but can we use the sequence 
information for information for de novode novo stability predictionstability prediction??

•• Developed a Scoring Algorithm Which Developed a Scoring Algorithm Which 
Compares individual Variable Domain Compares individual Variable Domain 
Sequence of Interest to the entire Sequence of Interest to the entire 
Database of Mammalian Sequences Database of Mammalian Sequences 
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How Do Natural Sequences Which How Do Natural Sequences Which 
Score Badly Behave Score Badly Behave In VitroIn Vitro??
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18 BIIB 18 BIIB Human(izedHuman(ized) V) VHH Scores Scores 
Correlate Roughly with StabilityCorrelate Roughly with Stability
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SUMMARYSUMMARY

•• Low VLow VHH Sequence Scores Sequence Scores TREND TREND towards lower stability towards lower stability 
antibodies.  No trend observed with Vantibodies.  No trend observed with VLL sequences.sequences.

•• Scoring can (should) be used as an initial tool to identify Scoring can (should) be used as an initial tool to identify 
potential problems with therapeutic antibodies or with potential problems with therapeutic antibodies or with 
antibodies isolated from library approaches.antibodies isolated from library approaches.

•• Scores do not give the entire story Scores do not give the entire story ––
(i) certain residue positions more important for stability than (i) certain residue positions more important for stability than others         others         
(ii) V(ii) V--(D(D--)J)J--C joining can affect stabilityC joining can affect stability
(iii) V(iii) VHH/V/VLL Compatibility not accounted forCompatibility not accounted for
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Cε2 Cε3 Cε4CH2 CH3

Structural Aspects of Structural Aspects of IgEIgE versus versus IgGIgG

IgG1 Fc (Fcγ) IgE Fc (Fcε)

IgG1 IgE

See labs of Gould, See labs of Gould, JardetzkyJardetzky and and CowburnCowburn……

FcFc FcFc
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Conformational Changes Evident in Conformational Changes Evident in 
FcEFcE at Intermediate pH Levelsat Intermediate pH Levels
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unfolding also observed unfolding also observed 
by CD/DSCby CD/DSC

•• It is the RECEPTOR It is the RECEPTOR 
binding domains of binding domains of 
FcEFcE which unfold.which unfold.

•• CCεε2 stable at all pH 2 stable at all pH 
values tested.values tested.
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Functional Properties of the Functional Properties of the IgEIgE FcFc

•• FcERIFcERI mediated signaling in allergy mediated signaling in allergy 
and inflammationand inflammation

•• CD23 mediated signaling/transportCD23 mediated signaling/transport
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Mast cell IgEIgE

FcFcεεRIRI

IgE/FcERIIgE/FcERI Mediated Mediated DegranulationDegranulation
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FcERIFcERIαα is stable at pH values where is stable at pH values where 
FcEFcE unravelsunravels
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Interaction Between Interaction Between FcEFcE and and FcERIFcERI
Probed by DSCProbed by DSC
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pH Dependence of the pH Dependence of the FcE/FcERIFcE/FcERI
InteractionInteraction
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How is How is IgEIgE Naturally Degraded?Naturally Degraded?

FcεRI

Mast cell

IgEIgE

SlowSlow

Mao et al., 1993 J. Mao et al., 1993 J. ImmunolImmunol. . 151151: 2760: 2760--2774         2774         
XuXu et al., 1996 J. Cell et al., 1996 J. Cell SciSci. . 111111: 2385: 2385--2396 2396 

coated pitscoated pits

endosomeendosome
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Summary of Summary of IgEIgE--FcFc CharacterizationCharacterization

•• FcEFcE is intrinsically much less stable than is intrinsically much less stable than 
other other AbAb isotypesisotypes..

•• pH dependent unfolding of pH dependent unfolding of FcEFcE at pH 5 at pH 5 
abrogates its interaction with abrogates its interaction with FcERIFcERI..

•• pH dependent unfolding may provide an pH dependent unfolding may provide an 
novel mechanism for novel mechanism for IgEIgE regulation.regulation.
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IgGIgG Structure in Terms of Structure in Terms of 
Cooperatively Folded SubunitsCooperatively Folded Subunits

SaphireSaphire et al., 2001 Science, et al., 2001 Science, 293293

Light Chain

Heavy Chain Heavy ChainHeavy Chain

FAB

CH2
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(CL)

(VH)

(CH1)
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IgEIgE Mechanism of ActionMechanism of Action

Basophils

Eosinophils

• Smooth muscle 
contraction

• Bronchocon-
striction

• Airway 
microvasculature 
leakage

• Chronic 
inflammation 

• Ciliated epithelial 
loss and damage

• Smooth muscle 
proliferation

• Increased mucus 
secreting cells

Acute:
Histamine, 
Prostaglandins,
Leukotrienes,
Tryptase,
Chymase

Late Phase:

Cytokines, 

Chemokines, PAF
Allergen

FcεRI

IgE

Mast cells

Degranulation by 
allergen 

binding/cross-linking 
cell surface IgE
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Stability Measurement of Human 
IgG1s with Different VH Scores
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FcG is Natively Folded Above pH 3

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3

CH2

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3
CH2

pH 7

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3
CH2

pH 6
pH 5

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3CH2
pH 4.5

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3CH2

pH 4

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3
CH2pH 3.3

0

5

10

15

20

25

20 30 40 50 60 70 80 90
Temperature ( oC)

CH3pH 2.8

C
P

(k
ca

l/[
m

ol
*K

])



39 March 29, 2006

IgG1 Has the Most Stable IgG1 Has the Most Stable IgGIgG--FcFc

0

50

100

150

200

250

300

40 50 60 70 80 90

Temperature ( oC)

IgG1

IgG2

IgG3

IgG4

C
P

(k
ca

l/[
m

ol
*K

])

CH3

CH2 CH3
CH2

CH3

CH2

CH3? CH2?

FAB



40 March 29, 2006

VH3
VH1

VH4

Distribution of Distribution of HumanHuman VH Scores Against a VH Scores Against a 
Mammalian VH DatabaseMammalian VH Database

*Scoring is *Scoring is 
WeightedWeighted
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Aggregation/Instability Explains Aggregation/Instability Explains 
AnomolousAnomolous FACS Behavior ofFACS Behavior of BIIB17BIIB17
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BIIB17BIIB17 Instability/Aggregation IssuesInstability/Aggregation Issues

Light Scattering Detects Formation of Aggregates
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Based on genome and usageBased on genome and usage::

VVHH = V= VHH11--VVHH77

VVκκ = V= Vκκ11--44

VVλλ = V= Vλλ11--33

Variable domain Variable domain GermlineGermline
SubclasssesSubclassses
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1.  Sequence1.  Sequence--Based Engineering and Based Engineering and 
Prediction of Antibody Domain StabilityPrediction of Antibody Domain Stability

2.  Variations in Stability between Antibody 2.  Variations in Stability between Antibody 
IsotypesIsotypes

-- IgGIgG vs. vs. IgEIgE

Outline Outline 
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FcEFcE Undergoes a Structural Undergoes a Structural 
Change < pH 5Change < pH 5

• FcE structural 
transition < pH 5 
coincides with 
SEC/ANS data

• FcE structure is 
identical at pHs 5-9

Circular Dichroism (CD) 
Spectra of FcE
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Schematic Diagram of an AntibodySchematic Diagram of an Antibody
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VVLL
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κκ or or λλ (light chain)(light chain)

IgG,IgAIgG,IgA*,*,IgMIgM*,*,IgD,IgEIgD,IgE* (heavy chain)* (heavy chain)

IgG1,IgG1,κκ

DDJJ

JJ
FabFab

FcFc
Flexible Flexible 
hingehinge
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Equations:
Keq(TM) = [FcERIU][FcEU]/[Complex] at TM.

Algebra:
(1) KA(TM) = KUFcE(TM)* KUFcERI(TM)/ Keq(TM)

Using the Gibbs-Helmholtz eqn:

(2) KA(TM) = (1/Keq)*exp([-ΔH(TMapoFcE)/R]*(1/TM-
1/TMapoFcE)+[ΔCpFcE/R]*(ln(TM/TMapoFcE)+(TMapoFcE/TM)-1)+[-
ΔH(TMapoFcERI)/R]*(1/TM-
1/TMapoFcERI)+[ΔCpFcERI/R]*(ln(TM/TMapoFcERI)+(TMapoFcERI/TM)-1)]

Once KA(TM) is derived, extrapolate back to 25 °C using ΔCPComplex and ΔH at 
25 C, i.e.:

(3) KA(25C) = 1/KD(25C) = KA(TM)*exp[(-ΔH(25C)/R)*(1/T25C-
1/TM)+(ΔCP/R)*(ln(T25C/TM)+1-(T25C/TM))]

Brandts, J.M and Lin L.-N. (1990) Biochemistry. 29, pp. 6927-6940.
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KA = Association Constant (1/M)
KD = Dissociation Constant (M)
KUFcE = Unfolding equilibrium constant of the FcE CE3-CE4 domains
KUFcERI = Unfolding equilibrium constant of FcERI
Keq(TM) = Equilibrium Constant for System at midpoint of Complex unfolding
TM = Midpoint of the FcE/FcERI Complex melting curve
TMapoFcE = Midpoint of the free FcE CE3-CE4 domain simultaneous melting curve
TMapoFcERI = Midpoint of the free FcERI domains simultaneous melting curve
ΔCPFcE = Change in heat capacity upon unfolding of CE3-CE4 domains
ΔCPFcERI = Change in heat capacity upon unfolding of the two FcERIa domains
ΔCPComplex = Change in heat capacity of the system upon formation of the complex
ΔH(TMapoFcE) = Enthalpy of folding for free CE3-CE4 at TM (for the complex)
ΔH(TMapoFcERI) = Enthalpy of folding for free CE3-CE4 at TM (for the complex)
ΔH(25C) = Enthalpy of complex formation 
R = Universal Gas Constant

Blue = Derived from combination of experiments
Purple = Derived from a single experiment
Red = Assumption
Black = Constant
Green = Derived from Literature

Assumptions:.
(1) ΔCPFcE and ΔCPFcERI are Estimated from the size of the two proteins.
(2) Cε2 and FcG are not part of the interaction.
(3) Two-State Unfolding (FAST scan rate)

How we get the Terms……

ΔH(25C) = Enthalpy of complex formation 
ΔCPComplex = Change in heat capacity upon 

complex formation
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Introduction to Introduction to ImmunoglobulinsImmunoglobulins
•• IgGIgG ((IgG1IgG1, IgG2, IgG3, , IgG2, IgG3, IgG4IgG4)   )   -- most common most common 
antibody antibody isotypeisotype in serum used for host defense.    in serum used for host defense.    
***The ***The IsotypeIsotype of choice for Antibody Therapeutics!!of choice for Antibody Therapeutics!!

•• IgAIgA (IgA1, IgA2, (IgA1, IgA2, dIgAdIgA) ) -- found in mucosal areas and found in mucosal areas and 
secreted in the digestive tract to fight microorganisms.secreted in the digestive tract to fight microorganisms.
•• IgMIgM --PentamericPentameric, used as initial, low affinity immune , used as initial, low affinity immune 
response for clearing viral or bacterial agents.response for clearing viral or bacterial agents.

•• IgEIgE -- Wound healing and parasite defense.  Wound healing and parasite defense.  Allergic Allergic 
diseasedisease. . ***New Classes of Antibody Therapeutics***New Classes of Antibody Therapeutics……

•• IgDIgD -- BB--cell class switching, diseases and morecell class switching, diseases and more……
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ΔΔCCPP°° at Low pH Valuesat Low pH Values
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